The Schizosaccharomyces pombe Flp1p serine-threonine phosphatase is required for the degradation of the mitotic inducer Cdc25p at the end of mitosis. Cdc25p degradation prevents Cdc2p-tyrosine 15 dephosphorylation and, thus, contributes to the timely inactivation of mitotic CDK-associated kinase activity. Both RING-and HECT-type protein-ubiquitin ligases are involved in Cdc25p destabilization. Flp1p function is required for Cdc25p ubiquitination via anaphase-promoting complex/cyclosome or APC/C (RING-type) and the absence of Pub1p (HECT-type) stabilizes the mitotic inducer. In the present report, we study the functional relationship of Flp1p with Pub1p and Pub2p HECTtype-protein ubiquitin ligases. We show that Flp1p is required for the rapid degradation of Cdc25p while Pub1p is responsible for the long-term destabilization of the mitotic inducer. Accordingly, flp1 and pub1 mutants have a strong genetic interaction, correlating defects in the coordination of mitosis and cytokinesis with the stabilization of hyperactive Cdc25p. However, we also show that Flp1 and Pub2p proteins functionally interact in vivo suggesting that both proteins belong to the same regulatory network in S. pombe cells. Thus Flp1p appears to have an important role in integrating HECT-and RING-type ubiquitin ligases in cell cycle control.
Introduction
The Schizosaccharomyces pombe fission yeast protein Flp1p (also called Clp1p) belongs to the conserved Cdc14-family of serine-threonine-phosphatases. [1] [2] [3] [4] [5] Budding and fission yeast Cdc14p homologues are involved in the inactivation of mitotic cyclin-dependent kinases, CDKs, through molecularly distinct mechanisms. In S.cerevisiae, Cdc14p inactivates CDKs by inducing the accumulation of the CDK inhibitor Sic1p and by promoting the degradation of B-type mitotic cyclins. 6, 7 The CDC14 gene is essential for budding yeast cells to exit from mitosis and cdc14-defective cells consistently arrest cell cycle progression in telophase, with high levels of mitotic CDK-associated kinase activity. 1, 6, 7 In S.pombe, Flp1p antagonizes mitotic CDK activity by promoting phosphorylation of the conserved tyrosine 15 residue of Cdc2p (the catalytic subunit of CDK complexes), mainly by downregulating the Cdc2p Tyr15 phosphatase Cdc25p. 8, 9 In vivo, Flp1p dephosphorylates Cdc25p at the end of mitosis. Once Cdc25p has been dephosphorylated by Flp1p, it rapidly becomes inactive and unstable and is degraded, most likely in a proteasomedependent manner. [8] [9] [10] It has been proposed that Flp1p would control mitotic exit through Cdc25p inactivation. 9 However, it has also been suggested that Flp1-driven indirect CDK inactivation would be required for cytokinesis to proceed in a timely fashion. 8 In agreement with the latter notion, a null mutant of S.pombe flp1, although viable, divides at reduced cell size and has defects in septation. 4, 11 Interestingly, the Flp1p-mediated dephosphorylating mechanism of Cdc25p may have been conserved along evolution, since it has been shown that human Cdc14Ap dephosphorylates fission yeast Cdc25p in vitro and in vivo and rescues flp1-defective S.pombe yeast strains. 12 Moreover, human Cdc14Ap reverses CDK1 phosphorylation events of human Cdc25Ap involved in its degradation, suggesting a regulatory mechanism controlling the stability of Cdc25Ap in human cells. 13 In some cases the ubiquitination of proteins targets them for degradation by the proteasome. Protein polyubiquitination requires ubiquitin ligases, which are classified either as RING-finger or HECT-type. 14 RING-finger protein-ubiquitin ligases include for example both APC/C (anaphase promoting complex/cyclosome) and SCF (Spk1/Cullin/F-box) which respectively regulate cell cycle progression by controlling mitosis and entry into S-phase. 15, 16 The HECT type, such as for example the Nedd4/Rsp5 subfamily, includes homologues in budding yeast involved in a variety of roles, such as the regulation of uracil and amino acid permeases, transcription (through the ubiquitination of RNA polymerase II), and endocytosis of plasma membrane-integrated proteins. 17 The Nedd4/ Rsp5 subfamily is also conserved in fission yeast, participating in cell cycle control 10 and, in human cells, downregulating epithelial Na + channel proteins. 18 The fact that Flp1p regulates the degradation of Cdc25p-tyrosine phosphatase suggests that a functional interaction with the proteins that directly regulate Cdc25p stability may exist. It has been shown that Cdc25p is polyubiquitinated for proteolysis 9, 10 and that Pub1p, an HECT-type E6-AP-like protein-ubiquitin ligase, may ubiquitinate Cdc25p, since pub1 disruption in S.pombe cells dramatically reduces Cdc25p ubiquitination. 10 Moreover, in vivo data also indicate that the APC/C-dependent ubiquitination of Cdc25p and its consequent destabilization requires Flp1p. 9 Finally, although Pub1p is the predominant mechanism in Cdc25p ubiquitination, Nefsky and Beach 10 have reported the existence of an alternative Pub1-independent Cdc25p protein ubiquitination mechanism. Here we study the strong genetic interactions between the flp1 + and pub1 + genes. Our results suggest that Flp1p activates a rapid Pub1p-independent degradation of Cdc25p at the end of the cell cycle to coordinate mitosis with cytokinesis and that the long-term degradation of the mitotic inducer relies however on the Pub1p protein. Significantly, Flp1p interacts in vivo with Pub2p, a Pub1p-redundant HECT-type protein ubiquitin ligase, strongly suggesting that Flp1 may also regulate Pub1/2 activity.
Results
Deletion of flp1 + prevents the rapid degradation of Cdc25p. We have previously shown that Flp1p regulates Cdc25p protein stability. 4 We and others have also reported that flp1-encoded phosphatase induces the degradation of the mitotic inducer at the end of mitosis. 8, 9 To gain insight into the mechanism that determine the abundance of Cdc25p, we measured the stability of the protein in both wild-type and flp1-defective cells. Inhibition of protein synthesis by cycloheximide treatment showed that in asynchronous cell populations Cdc25p remained stable for longer in cells defective for flp1 but that it was finally degraded (Fig. 1) . A similar result was observed when cells were synchronized in early mitosis using the cold-sensitive nda3-KM311 mutant of β-tubulin and then released from the block in the presence of cycloheximide (Suppl. Fig. 1 ). These results indicate that other molecular mechanism in addition to Flp1p regulates Cdc25p stability.
Intriguingly, there are conflicting reports on the role of flp1 in Cdc25p regulation at the end of the cell cycle. 4, 8, 9 To clarify whether flp1 has a role in the regulation of mitosis or cytokinesis, we re-examined whether flp1 mutans have a mitotic exit defect or a delay in septation. We therefore analysed the M to G 1 transition in cells synchronised by using an nda3-KM311 arrest release protocol. We quantitated the percentages of septated cells, binucleated cells and anaphase B spindles in three independent experiments (Suppl. Fig. 2 ) and found that the anaphase B data (binucleated cells with elongated spindles) revealed no major differences in the rate of the exit from mitosis between Δflp1 mutant cells and flp1 + wild-type controls. Together, these experiments indicate that Flp1p regulates the rapid proteolysis of Cdc25p for cells to undergo cytokinesis in a timely manner.
Our results are consistent with the idea that the rapid degradation of the CDK activator Cdc25p observed prior to cytokinesis would be regulated by the Flp1p phosphoprotein phosphatase 8, 9 and that another Flp1-independent mechanism would be involved in the long-term Cdc25p degradation.
Δflp1 Δpub1 mutants have temperature-sensitive and cold-sensitive phenotypes. Experimental evidence has suggested that the direct action of Flp1p-protein phosphatase promotes the proteolysis of the CDK activator Cdc25p by APC/C in S. pombe cells. 9 Moreover, it is known that Cdc25p is ubiquitinated for proteolysis 9, 10 in an HECT-type protein-ubiquitin ligase Pub1p-dependent manner. 10 Interestingly, pub1-deficient fission yeast cells have a semi-wee phenotype and, significantly, they accumulate high levels of Cdc25p protein. 10 Given that Flp1p regulates Cdc25p protein destabilization as fission yeast cells exit from mitosis, 4, 8, 9 we were interested in the possibility that Flp1p-phosphatase and Pub1p-ubiquitin ligase might interact functionally to regulate Cdc25p abundance. Were this the case, it could be predicted that a combination of Δpub1 and Δflp1 null mutants would not have any additive effects as compared to single mutants. Double mutants of flp1::kanMX6 with pub1::ura4 + were constructed by tetrad dissection. First, we analyzed the growth properties of Δpub1 Δflp1 cells and found that this double mutant was viable at 29°C and 32°C ( Fig. 2A) , with a morphology not very different from that of single mutants, although Δpub1 Δflp1 cells grew more slowly than controls. However, the Δpub1 Δflp1 double mutant was unviable at 25°C and 35.5°C. (Fig. 2A) . These strong additive effects suggest that flp1 + and pub1 + could perform a nonoverlapping but similar function.
Gross defects at the end of the cell cycle in flp1-pub1-defective fission yeast strains. Having observed that rapid degradation of Cdc25p seemed to be controlled by Flp1p, and that defects in this regulatory step of mitotic CDK inactivation delayed cell division in fission yeast, we next analysed exit from mitosis and septation in Δpub1 Δflp1 double mutants. We therefore studied the M to G 1 transition in cells synchronised by using a nda3-KM311 arrest and release protocol in cells presynchronised in S-phase with HU (see Methods). We assayed nda3-KM311, nda3-KM311 Δflp1, nda3-KM311 Δpub1 and nda3-KM311 Δflp1 Δpub1 cells. Prior to the analysis, we checked that the nda3-KM311 mutation of the β-tubulin gene did not have any genetic effect on the mutants in our assay. Once cells had been released from the nda3-KM311 early mitotic arrest, samples were taken at the indicated intervals and processed for cytological observation and Western blot analysis with anti-Cdc25p and anti-tubulin antibodies. As observed previously, 8 in nda3-KM311 Δflp1 mutants the rate of disappearance of binucleated cells (Fig. 2B , upper plot) was delayed as compared with the wild-type control and the appearance of septated cells was also consistently delayed in nda3-KM311 Δflp1 mutant cells (Fig. 2B , lower plot). Interestingly, nda3-KM311 Δpub1 mutants exited from mitosis in a similar way to the nda3-KM311 control, as deduced from the appearance and disappearance of binucleated cells, although the percentage of these binucleated cells was smaller than in wild-type cells (Fig. 2B ). However, a high percentage of these pub1-defective cells were still septated (more than 40%) by the end of the timecourse analysis, suggesting a delay/ defect in cytokinesis. Significantly, analysis of the exit from mitosis and septation in the nda3-KM311 Δflp1 Δpub1 strain revealed that the combination of Δflp1 and Δpub1 null mutants rendered cells defective in the coordination of mitosis with cell division. Thus, while flp1-pub1-defective cells did undergo septation, starting 5 minutes after the release from the early mitotic arrest and peaking at the 30-minute time point, we barely observed binucleated cells throughout the time-course experiment. Consistent with this, a high proportion of septated but single nucleated cells was detected and the nda3-KM311 Δflp1 Δpub1 cell survival to this block and release experiment at the permissive temperature was very low. Next, we analysed Cdc25p stability in nda3-KM311, nda3-KM311 Δflp1, nda3-KM311 Δpub1 and nda3-KM311 Δflp1 Δpub1 cells. As expected, while in wild-type cells Cdc25p was rapidly dephosphorylated, and then degraded during mitotic exit, in nda3-KM311 flp1Δ mutant cells the Cdc2-tyrosine phosphatase remained stable for longer after release from the metaphase block (Fig. 2C) . 8 However, Cdc25p was fully stable in both nda3-KM311 Δpub1 and nda3-KM311 Δflp1 Δpub1 cells. Interestingly, in Δflp1 Δpub1 double mutant cells the electrophoretic mobility of Cdc25p indicated that it was hyperphosphorylated, even in asynchronous cells (Fig. 2C and  D) . These data confirmed that both Flp1p and Pub1p are involved in the destabilization of the CDK activator Cdc25p. Importantly, our synchronization experiments suggest that the key factor in the coordination of the exit from mitosis with cytokinesis in fission yeast is not the regulation of the level of Cdc25p protein but the control of its activity. They also suggest that Flp1 could regulate the initial Cdc25p degradation at the exit from mitosis and that Pub1p could later ensure that cells pass through G 1 with low levels of Cdc25p.
Moderate overexpression of flp1 + rescues fission yeast strains deleted for HECT-type pub1 protein-ubiquitin ligase. It has been shown that moderate levels of overexpression of pub2 + , a pub1 + orthologue, suppresses the temperature-sensitive phenotype of Δpub1 mutant cells 19 and that, conversely, pub2 gene disruption enhances the temperature-sensitivity of Δpub1 cells, resulting in Δpub2 Δpub1 double mutants unable to grow at temperatures above 35.5°C. 19 As shown in Figure 2 , Δpub1 mutant cells were unviable at both 35.5°C and 25°C when they lacked the phosphataseencoded flp1 + -gene. This phenotype somehow mimics the behaviour of Δpub2 Δpub1 and suggests the possibility that Flp1 could regulate Pub2 function. Consistent with this idea, we have also found that disruption of pub2 do not enhance either the temperature-or the cold-sensitive defects observed in Δpub1 Δflp1 cells, suggesting that Flp1p and Pub2p may interact functionally (data not shown). In this scenario, in the absence of Flp1p, Pub2p may not be properly activated, thus enhancing the Δpub1 phenotype. In this case, it can be predicted that an increase in the levels of the flp1-encoded phosphatase could rescue Δpub1 thermosensitivity at 37°C.
We have previously shown that nmt1-driven overexpression of flp1 + is lethal for S.pombe cells and results in a G 2 -block, with elongated cells showing a nucleolar accumulation of dephosphorylated Cdc25p. 4, 8 To analyse whether or not flp1 + suppresses the thermosensitive defect of Δpub1 cells, we expressed the flp1 + gene moderately by using a weaker nmt41 promoter. 20, 21 As expected, cells overexpressing nmt41-controlled flp1 + were viable and did not elongate significantly in the continuous absence of thiamine (derepressing conditions for nmt41-driven expression) and Flp1p protein levels were consistently low as compared to nmt1-flp1 + -expressing cells. We then tested Δpub1 mutant cells expressing nmt41-controlled flpl + in complementation analyses and found that they were able to form colonies at 37°C (Fig. 3) . Δpub1 cells expressing moderate levels of Flp1p grew well at this temperature, with a cell size at division similar to wild-type controls. However, Δpub1 cells transformed with nmt41-controlled flp1 CS , containing a catalytically inactive form of Flp1, were unable to grow at 37°C, indicating that the phosphatase activity of Flp1p was needed to suppress the ts Δpub1 phenotype. Importantly, the rescue of Δpub1 mutant cells by nmt41-driven flpl + relied on a functional pub2 + , as Δpub1 Δpub2 nmt41-flpl + cells were unable to form colonies at their restrictive temperature (above 35°C) (Suppl. Fig. 3 ). Taken together, these observations indicate that Flp1p complements the lack of the pub1 gene in a pub2 + dependent manner and strongly suggest a functional interaction between HECT-type protein-ubiquitin ligases and the CDC14-like phosphatase.
Pub2p-GFP overexpression induces a growth arrest in Δflp1 mutant fission yeast strains. To further study the possible genetic relationship between flp1 + anf pub2 + , we analyzed the effect of overexpression of Pub2p in S. pombe flp1 mutant cells. It has been shown that cells strongly overexpressing pub2 + arrest cell cycle progression at the G 2 /M transition, but that moderate levels of pub2 + , obtained by nmt81-controlled Pub2p-GFP overexpression, does not cause any detectable cell growth or cell cycle defects in wild-type S. pombe cells. 19 Since flp1-Ha cells are indistinguisable from wildtype cells, 4 we transformed both flp1-Ha-tagged and Δflp1 mutant cells with a nmt81:pub2-GFP vector and tested protein expression levels. After 12 hours of induction, moderate levels of pub2-GFP overexpression did not cause any detectable cell growth or cell cycle defects in either flp1-Ha-tagged or Δflp1 mutant cells (Fig. 4) . This experimental approach allowed us to examine the Pub2p-GFP subcellular localisation in vivo in both Δflp1 mutant and flp1-Ha control cells. The localisation of GFP-labeled Pub2p was similar in flp1-Ha and Δflp1 cells and it did not differ from that reported in previous studies in wild-type S. pombe cells. 19 Figure 4 shows that the cells were uniformly stained with Pub2p-GFP, with some signal accumulating at the cell surface (likely the plasma membrane), especially at the polar regions and at dividing planes. Only minor differences were observed in Δflp1 as compared to flp1-Ha cells, in so far that plasma membrane-bound Pub2p-GFP signal was more intense and that Pub2p-GFP also localized to unidentified cytoplasmic bodies in flp1-deficient cells. The unidentified cytoplasmic bodies might be endosomes because a similar staining has been described for vacuolar membrane-bound proteins at endosomes. 22, 23 Thus, these small differences indicate that mutation of flp1 alters the cellular localisation of Pub2p. Intriguinly, GFP-fused Pub1p localizes to the plasma membrane and to similar cytoplasmic bodies. 19 We also analyzed longer induction of nmt81-driven pub2-GFP expression (16 hours) and found that it resulted in Δflp1 mutants forming chains of multiseptated cells, some of them divided in different planes and forming branched structures (Fig. 5A) , finally causing a cell growth arrest. As expected, Pub2p-GFP cytoplasmic bodies were abundant in Δflp1 cells. These results indicate that overexpression of Pub2-GFP leads to cell separation defects in Δflp1 cells. However, we did not observe differences in the level of expression of Pub2-GFP protein between Δflp1 and flp1-Ha cells (Fig. 5B) . For the contrary, Pub2p-GFP expressing cells accumulated lower levels of Flp1pHa than wild-type cells. Taken together these observations suggest that the growth arrest of Δflp1 cells expressing nmt81:pub--GFP may be the consequence of a lack of Flp1-dependent regulation or misslocalisation of Pub2p.
Flp1p interacts in vivo with Pub2p in fission yeast cells. Having observed the genetic interaction of flp1 phosphatase with pub2 HECT-type ubiquitin ligase, we wished to determine whether we could detect an interaction between these two proteins. Thus, we transformed flp1-Ha fission yeast cells either with a vector to produce the GST-Pub2 fusion protein, or with the empty vector as a negative control, both under the control of the thiamine repressible nmt41 promoter. After 20 hours of induction, GSTp and GST-Pub2p were purified from S. pombe cells and tested for the presence of HA-tagged proteins by Western blot analysis. We found that Flp1p-Ha was associated with GST-Pub2p but not with GSTp alone (Fig. 6A) . Moreover, we used a coimmunoprecipitation assay to determine whether or not Pub2p interacts in vivo with Flp1p. Thus, we transformed both flp1-Ha and Δflp1 cells with a plasmid encoding a targeted Myc-Pub2p (nmt41-regulated) and used antiMyc antibodies to immunoprecipitate Pub2p. We found that also in these Myc-pub2-overexpressing conditions, Flp1p was associated with Pub2p (Fig. 6B) . These results clearly suggest that Flp1 phosphatase and Pub2 protein ubiquitin ligase may interact in vivo in S. pombe cells.
Discussion
The cell cycle-dependent oscillatory pattern of the Cdc25p mitotic inducer [24] [25] [26] is in part due to its proteolysis at the end of mitosis. [8] [9] [10] At the M/G 1 transition, Cdc25p protein is first inactivated by Flp1p phosphatase and then this Flp1-dependent dephosphorylation targets it for degradation. 8, 9 Proteolysis of Cdc25p requires its previous ubiquitination, 9,10 and both HECT-finger and RINGtype protein-ubiquitin ligases are involved in such a process. 9, 10 In the present work we explored the possible functional relationship between the Cdc14 homologue Flp1p phosphatase and the HECTtype Pub1p and Pub2p protein-ubiquitin ligases in the context of the cell cycle control.
The half-life of the Cdc25p mitotic inducer is longer in flp1-defective mutants as compared to a wild-type, indicating that Flp1p is necessary but not sufficient for Cdc25p degradation. 8 Several lines of evidence shown here suggest that Flp1 may play a regulatory role in a network integrating HECT-type protein-ubiquitin ligase-mediated Cdc25p destabilization. First, a genetic interaction was observed between flp1 and pub1, characterized by cold-and temperature-sensitive phenotypes. Second, cells lacking both the flp1 and pub1 genes failed to coordinate exit from mitosis and cytokinesis. Third, moderate overexpression of flp1 + rescued the temperature-sensitive phenotype of pub1 mutants. Together, these data suggest that Flp1p and Pub1 may, independently or in concert, regulate Cdc25p stability. One possibility is that Flp1p might activate another protein-ubiquitin ligase, which (in turn) may fulfill the role of the absent Pub1p. In support of this, it is interesting to highlight the gene dose lethality caused by moderate overexpression of Pub2p in flp1-defective cells and the in vivo interaction observed between Flp1p and Pub2p proteins. Both lines of evidence indicate a functional interaction between Flp1p and Pub2p which may explain the rescue of Δpub1 by flp1 + . We thus propose a role for Flp1 in controlling HECT-type Pub1/2p protein-ubiquitin ligases.
The characteristic oscillatory pattern of Cdc25p is lost in Δpub1 mutant cells, indicating that this ubiquitin ligase is required for the periodicity of the mitotic inducer to be maintained. 10 However, it has also been shown that Flp1 is required for the polyubiquitination of the mitotic inducer via APC/C, 9 a RING-finger ubiquitin ligase. How can both lines of evidence be reconciled? We speculate that the cyclic nature of Cdc25p protein would require both types of ubiquitin ligases and propose that the Flp1p-protein phosphatase would coordinate, as discussed above, HECT-finger and RING-type ubiquitin ligases in Cdc25p polyubiquitination.
Our proposal is based on genetic and protein interactions involving flp1, pub1 and pub2. Regarding pub2 + , a pub1 + orthologue, from evidence also based on genetic interactions it has been proposed that this shares an overlapping function with Pub1p. However, Pub2p has not been related to Cdc25p destabilization, 19 indeed quite the opposite, since it has been suggested that Pub2p does not play a role in Cdc25p proteolysis. 19 Significantly, however, overexpression of pub2 + induces the accumulation of Cdc25p protein and Δpub1 Δpub2 double mutants are unviable at 35°C. 19 Similarly, flp1 + overexpression causes cells to arrest at the G 2 /M transition, with high levels of dephosphorylated Cdc25p, 4, 8 and here we observed that Δflp1 interacted genetically with Δpub1 but not with Δpub2 mutants. The latter suggests that Flp1 may act upstream from the Pub2p protein. Furthermore, flp1 + rescue of pub1-defective cells would be better explained if Flp1 were able to activate or properly locate Pub2p, mimicking the effect of the expression of pub2 + in Δpub1 cells. Indeed, we found that moderate expression of Flp1p complements the lack of the pub1 gene in a pub2 + dependent manner. In additional support of this, we found that the Flp1p and Pub2 proteins interacted in vivo. We surmise that in cells lacking pub1 Flp1p and Pub2 may be coordinate steps in the steady long-term degradation of the CDK activator Cdc25p. One likely possibility is that Flp1p could dephosphorylate CDK-phosphorylated Cdc25p to make it a target for Pub2p. Alternatively, Flp1p may dephosphorylate Pub2p to activate it, similarly to the Cdc14p-dependent activation of the APC regulator Hct1p/Cdh1p in budding yeast and human cell lines. 6, 7, 27 However, we have found that Pub2p is not an in vitro substrate for mitotic CDK1 even though it has a full consensus CDK phosphorylation site (Sacristan M and Bueno A, unpublished results).
Whilst it is clear that the degradation of Cdc25p is dispensable for S.pombe cells, it should be taken into account that flp1-defective fission yeast cells have a phenotype, that they divide at a reduced size and that they have septation defects. 4, 5 We suggest that both defects are likely to be the consequence of the cells lacking the mechanism for the inactivation and rapid degradation of the mitotic inducer Cdc25p at the end of the cell division cycle. In particular, in pub1-defective cells Flp1p phosphatase becomes important for growth at any temperature and is essential at 25°C and 35.5°C, suggesting that in these cells Cdc25p is not only stable but also fully active as a consequence of lacking the Flp1p-mediated counteracting effect of CDK phosphorylation on Cdc25p.
In conclusion, in this work we have gained insight into the regulation of Cdc25p protein stability and we suggest that the rapid degradation of Cdc25p would require Flp1p and APC/C, 9 and that the steady long-term degradation relies on Pub1p/Pub2p proteins that interact functionally with Flp1p (this work). This would imply that Flp1p controls Cdc25p unstability through HECT-finger and RING-type protein-ubiquitin ligases. However, while the physiological role of Pub2p remains obscure 19 it has been shown that Pub1p, in addition to its cell cycle role through Cdc25p degradation 10 (and this work), is required for cells to tolerate low pH conditions 28 and to regulate leucine uptake in response to the presence of NH 4 + . 29 Thus, formally although unlikely, it is possible that Flp1p may participate in roles not related to the cell cycle in which Pub1p and Pub2p HECT-type protein-ubiquitin ligases would be involved.
Materials and Methods
Strains and cell synchronisation. Fission yeast molecular biology and genetic methods were used as described. 30, 31 All strains were constructed by tetrad dissections. Fission yeast cells were grown and manipulated according to standard protocols in either yeast extract (YE) or minimal medium, containing appropriate supplements. 30 The S.pombe strains used in this study were from Bueno's laboratory collection; in particular, all strains involving the flp1 deletion carried the construction described previously. 4 The induction of synchrony by nda3-KM311 was performed by blocking cells at metaphase by incubating them for four hours at 19°C (cold-sensitive arrest or cs arrest). Under these conditions, more than 85% of cells blocked at metaphase if prior to the cs arrest nda3-KM311 cells were blocked for three hours with hydroxyurea (HU). In some cases (as indicated) cycloheximide (100 mg/ml) was added to the cultures to prevent protein translation. For induction of the nmt1 promoter (or versions of it, as indicated), a culture growing exponentially in medium containing thiamine was washed twice and resuspended in medium without thiamine as described previously. 32 Cell extracts, immunoprecipitation, western blot analyses, immunoblotting and GST purification. Antisera and tagged strains allowing the detection of Cdc25p, Pub2p, Flp1p and Tubulin have been described previously. 4, 8, 19, 33 Cell extracts for Western blotting and immunoprecipitation analyses were performed as described. 4, 8 For Western blots, 75 μg of total protein extract was run on a 12% standard SDS-PAGE gel, transferred to nitrocellulose and probed with rabbit affinity-purified anti-Cdc25p (1:250) or anti-haemagglutinin (HA) (12CA5, Roche), anti-GFP (JL-8; BD-Biosciences) and anti-myc monoclonal antibodies. Goat anti-rabbit or goat anti-mouse conjugated antibodies with horseradish peroxidase (Amersham) (1:3,500) were used as secondary probes. Mouse TAT-1 anti-tubulin monoclonal antibody (1:500) and goat anti-mouse antibody conjugated with horseradish peroxidase (1:2,000) as secondary probe were used to detect tubulin as a loading control. Immunoblots were developed using the ECL kit (Amersham) or Super Signal (Pierce). GST purification has been described previously. 34 Microscopy and cytology. Approximately 10 7 cells were collected by centrifugation, washed once with water, fixed in 70% ethanol and processed for DAPI staining, as described previously. 30 The mitotic index was determined by counting the percentage of binucleated cells (cells with two nuclei and without a septum) after DAPI staining. The septation index was determined by counting the percentage of cells with a septum after calcofluor staining. Also, to evaluate the completion of the cell cycle, the percentage of cells in anaphase B was estimated by counting cells with two nuclei and an elongated spindle. Staining of microtubules was performed as described 33, 35 using the anti-tubulin antibody TAT-1. 33 Fluorescence images were collected using a Leica DM6000 microscope with 63x or 100x objectives and a digital camera (Hamamatsu ORCA-ER) and processed with Improvision software. More than 1000 cells were examined for each time-point, and each experiment was repeated at least three times. Finally, in vivo fluorescence images of GFP-tagged cells were also collected using a Leica DM6000 microscope (as described above) with the appropriate selective filter. 
